Endometriosis is an estrogen-dependent chronic inflammatory condition associated with variable degrees of pelvic pain and infertility. Studies showed that the growth and progression of endometriosis continue even in ovariectomized animal. This indicates that besides ovarian steroid hormones, the growth of endometriosis can be regulated by innate immune system in pelvic environment. As a component of innate immune system, increased infiltration of macrophages has been described in the intact tissue and peritoneal fluid of women with endometriosis. Different immune cells and dendritic cells express Toll-like receptors (TLR) and exhibit functional activity in response to microbial products. In this review article, we discussed the role of Toll-like receptor (TLR) system in endometrium and endometriosis and outlined the involvement of cytokines/ endotoxin in causing adverse reproductive outcome. In the first part of this review article, the fundamentals of innate immune system, functional characteristics of TLRs, and signaling pathways of TLR4 are discussed for easy understanding by the readers.
Introduction
It is well recognized that innate and adaptive immune system are the two key branches that determine host protection throughout the female reproductive tract and at other mucosal surfaces, including the respiratory, gastrointestinal and urinary tracts. Our understanding of the innate immune system is a result, in large part, of the pioneering studies of Charles Janeway, who demonstrated that innate immunity covers many areas of host defense against pathogenic microbes. 1 During the last decade, investigations of the innate immune system have shown that microbial pathogens are recognized by Toll-like receptors (TLRs) that, in turn, regulate the activation of both innate and adaptive immunity. 2 Mammalian innate immune cells such as macrophages and dendritic cells can be activated by microbial components (non-self) such as endotoxin or lipopolysaccharide Review Article by Khan, Page 7 endotoxin or LPS recognition. In addition to LPS, other exogenous ligands are F protein from respiratory syncytial virus, chlamydial heat shock protein 60 and taxol, a plant derived anticancer reagent that mimics the action of LPS in mice but not in humans. 19 
Endogenous ligands. Endogenous ligands of TLR4 comprise fibronogen,
fibronectin, heparan sulphate, hyaluronic acid and heat shock proteins (Hsp) 60 and 70.
However, all of these endogenous ligands require very high concentration to activate TLR4. It has been shown that contamination of LPS in Hsp70 preparation confers ability to activate TLR4. LPS is a very potent immuno-activator and accordingly, TLR4 can be activated by a very small amount of LPS, contaminating these endogenous ligand preparations. 4, [19] [20] [21] [22] Therefore, we need careful attention in biological research using these endogenous ligands. The different TLRs and their corresponding ligands are described in Table 1 .
Signaling Pathways Triggered by TLR4:
Several lines of evidence indicate that all TLR signaling pathways are similar and elicit similar biological responses except TLR3. 23, 24 Lipopolysaccharide (LPS) is a potent activator of Mφ and other dendritic cells. After being released into the blood Review Article by Khan, Page 8 stream or other body fluids, LPS is immediately captured by LPS-binding protein (LBP) that delivers LPS to TLR4 or CD14. CD14 lacks a trans-membrane domain and so is incapable of transducing signals. 25 Both the positional cloning of the locus responsible for LPS hypo-responsiveness in C3H/HeJ mice and the generation of TLR4 knockout mice have shown that TLR4 is essential for LPS signaling. 16, 21 In addition, the interaction of LPS with TLR4 requires another molecule, MD-2, which associates with the extracellular domain of TLR4.
MyD88-dependent pathway.
Once TLRs are activated, the intracellular signaling pathways are very similar between insects and mammals. In mammals, TLR4 signaling involves activation of one or more of the adaptor proteins. The adaptors relevant to TLR4 signaling are known as MyD88 (myeloid differentiation factor 88), TIRAP (TIR domain-containing adaptor protein), TRIF (TIR-domain containing-adaptor inducing IFN-β), and TRAM (TRIF-related adaptor molecule). 4, 26 Most TLRs act through MyD88 alone or through both MyD88 and TIRAP, which leads to the production of different pro-inflammatory cytokines. MyD88 is an adaptor molecule that recruits the kinase IRAK (IL-1 receptor-associated kinase) to the TLR4 receptor complexes after Review Article by Khan, Page 9 stimulation with LPS. The lipopeptide activation of nuclear factor (NF)-κB and MAP (mitogen-activated protein) kinases, as mediated by TLR2, is completely abolished in TLR2-depleted or MyD88-deficient Mφ. By contract, LPS activation of MAP kinases and NF-κB remains intact in MyD88-deficient Mφ. This indicates that LPS response is mediated by both MyD88-dependent and MyD88-independent pathways, each of which leads to the activation of MAP kinases and NF-κB.
MyD88-independent pathway.
The MyD88-dependent pathway is essential, however, for the inflammatory response mediated by LPS. The TIRAP has a crucial role in the MyD88-dependent signaling pathway shared by TLR2 and TLR4.
Recent studies have shown that MyD88-independent pathway for TLR4 operates through different adaptor molecules, TRIF and TRAM, activates interferon (IFN) regulatory factor 3 (IRF-3), up-regulates co-stimulatory molecules and leads to the subsequent induction of type I interferon such as IFNβ , nitric oxide synthase (iNOS) and IFN-inducible protein (IP-10). 4, 26 It is important to remember that in addition to activation of IRF3, MyD88-independent pathway also elicits delayed activation of NF- Unlike other TLRs, TLR3 uses only one adaptor protein, TRIF, whose activation leads to IRF3 translocation to the nucleus. IRF3 dimerizes and enters the nucleus where it binds to interferon-sensitive response element (ISRE) motifs and induces the expression of type I interferons, IFN-α and IFN-β. 23, 24 Female reproductive tract and placenta may become exposed to viruses in addition to bacterial or fungal infection, which may pose a substantial threat to reproductive outcome or embryo/fetus well-being. Although studies are limited, it is important to determine the type of virus and whether the engagement of TLR3 with viral dsRNA could induce production of factors necessary to generate an antiviral response. In fact, TLR3 expression has been demonstrated in the epithelial cells of vagina, uterine cervix, endometrium, fallopian tubes and also in placenta. 11, 27 Table 2 ). All these microbes reside in vaginal cavity as normal vaginal flora and may cause genitourinary infections upon ascending migration. 27 In recent years increasing attention has been paid to innate immunity, the primary defense system against pathogens. Escherichia coli (E.coli) are the most commonly isolated pathogenic bacteria from clinical uterine diseases in cattle 28 and also in human vaginal cavity. 29 The ascending migration of E.coli towards endometrial cavity is possible that may cause contamination of endometrium. The endometrium provides a barrier against infection and an opportunity to detect these bacteria by innate immune receptors. Toll-like receptors were first identified on immune cells but have since been identified on other cell types including endometrium. 30 In the human endometrium, nine TLRs are identified at the protein and mRNA level including TLR4. 12, [31] [32] [33] Engagement of these receptors initiates a signaling cascade stimulating the production of immune Review Article by Khan, Page 12 mediators that orchestrate the immune response to clear the infection. It is the principal role of TLR4 to detect LPS, although signaling through TLR4 also requires accessory molecules such as LBP, CD14 and MD2.
TLR system in endometriosis
As a component of innate immune system, an increase in the infiltration of M φ was found in normal endometrium and also in the endometrium of women with different reproductive diseases such as endometriosis, adenomyosis and uterine leiomyoma. [34] [35] [36] The expression of TLR4 mRNA and protein was detected in Mφ, endometrial epithelial cells and stromal cells. 10, 31, 32 RT-PCR analysis also demonstrated the expression of CD14, MD2 and MyD88 mRNA in both endometrial epithelial cells (EECs) and endometrial stromal cells (ESCs). 32 The expression levels of TLR4, CD14, and MD2 appeared to be higher in ESCs compared with that in EECs. However, the expression levels of MyD88 were similar between ESCs and EECs.
Treatment of endometrial stromal cells with LPS significantly increased the production of a number of macromolecules, such as hepatocyte growth factor (HGF), vascular endothelial cell growth factor (VEGF), interleukin (IL)-6, IL-8 and tumor necrosis factor alpha (TNFα) in a dose-dependent fashion. 32, 37, 38 A significantly more Review Article by Khan, Page 13 growth promoting effect of LPS was observed on endometrial cells derived from women with endometriosis when compared with similar cells derived from control women. 37, 38 The stimulatory effect of LPS was inhibited by the addition of neutralizing antibodies for TLR4 and also by an LPS antagonist, polymyxin B. 10 This indicates that Mφ, ESCs and EECs express TLR4 and respond to LPS through TLR4. In fact, we recently demonstrated that both ESCs and EECs were able to significantly proliferate in response to LPS and this growth promoting effect of LPS was abrogated after pretreatment of cells with anti-TLR4 antibody. 8, 10, 39 Since, there are other exogenous and endogenous ligands for TLR4 in addition to LPS, we presume that blocking of TLR4 alone is more effective in order to suppress inflammatory response in pelvic environment and cell growth.
A recent study 32 demonstrated that LPS was able to stimulate TLR4-and CD14-mediated increased production IL-8 by ESCs. This effect of LPS was associated with the activation of NF-κB as examined by nuclear translocation of NF-κB in ESCs.
On the other hand, LPS alone did not stimulate IL-8 secretion in EECs. However, LPS did stimulate IL-8 secretion from EECs in the presence of soluble CD14. These findings indicate that TLR4 system might represent local immunity in the human endometrium Review Article by Khan, Page 14 with different modes of TLR4 actions between ESCs and EECs.
TLRs in ectopic endometrium.
We presume that an innate immune system and ovarian steroid hormones may participate either alone or in an orchestrated fashion in the growth regulation of endometriosis. The different macromolecules as secreted by M φ in the pelvic environment are believed to enhance the growth of endometriosis.
However, the initial inflammatory mediator that stimulates Mφ for the production of different cytokines and growth factors was poorly described. We reported that bacterial endotoxin (LPS), could be a potential inflammatory mediator of Mφ stimulation and consequent production of different cytokines and growth factors, such as HGF, VEGF, IL-6 and TNFα in pelvic environment. 37 This LPS and together with LPS-induced secondary inflammatory mediators are possibly involved in the growth of endometriosis in an autocrine or paracrine mechanism. 37 There was no information until now about the presence of bacterial endotoxin in pelvic environment. We examined endotoxin concentration for the first time in the menstrual fluid (MF) and peritoneal fluid (PF) of women with or without endometriosis.
We found that endotoxin (LPS) concentration in MF/PF was significantly higher in Review Article by Khan, Page 15 women with endometriosis than that in non-endometriosis. The expression pattern of TLR4 in Mφ, endometrial cells and endometriotic cells was identical between women with endometriosis and non-endometriosis in the proliferative phase but this expression pattern appeared to be higher in the secretory phase of the menstrual cycle. 10, 12, 33 The production of HGF, VEGF, IL-6 and TNF α by LPS-treated peritoneal M φ was significantly higher in women with endometriosis than that in women without endometriosis. This was evident at both protein and mRNA level. The blocking of TLR4 after pretreatment of Mφ with anti-TLR4 antibody significantly reduced the production of all these cytokines. 8, 10, 39 The addition of culture media from TLR4-blocked macrophages caused significant suppression in the growth of endometrial and endometriotic cells comparing to that of TLR4 non-blocking macrophages. The direct application of LPS also promoted the growth of endometriotic cells derived from women with peritoneal endometriosis and was suppressed after pretreatment of cells with anti-TLR4 antibody. 10 Similar line of study 40 was highly contaminated with E.coli than that in control women. 10 We detected colony Review Article by Khan, Page 17 formation of E.coli in menstrual blood and this was significantly higher in women with endometriosis than that in non-endometriosis. 10 The contamination of menstrual blood with E.coli was associated with a parallel increase in the level of endotoxin in the menstrual blood. Our findings suggested that contamination of menstrual blood with E.coli in women with endometriosis could be a constant source of bacterial endotoxin in peritoneal fluid due to periodic retrograde menstrual flow and this cyclic event may initiate TLR4-mediated growth of endometriosis.
As a mechanistic basis of E.coli contamination in menstrual blood, We recently demonstrated that higher prostaglandin E2 (PGE2) levels in the MF/PF of women with endometriosis was involved in the bacterial growth such as E.coli in a bacteria culture system. 42 This effect of PGE2 on bacteria may be contributed by its direct growth promoting effect on E.coli or by its indirect immunosuppression effect on peripheral blood lymphocytes. 42 The decreased expression of antimicrobial peptides in intrauterine or intra-vaginal luminal epithelium may be involved in bacterial contamination of menstrual blood in women with endometriosis. 43 We postulate that a possible sub-clinical vaginal infection or changes in intra-uterine defense against microbes in women with Review Article by Khan, Page 18 endometriosis might be involved in the bacterial contamination of menstrual blood and consequent participation of an LPS/TLR4 cascade in the growth of endometriosis. 10, 42, 43 
Inflammation, stress reaction and TLR4 in endometriosis
In addition to pelvic inflammation, endometriosis may equally produce a stress reaction and release endogenous heat-shock proteins in pelvic environment as a result of tissue damage, tissue invasion and by inflammatory reaction itself. A wide variety of stressful stimuli, such as heat shock, ultraviolet radiation, viral or bacterial infections, internal physical stress, chemical stress and pelvic inflammation, induce an increase in the intracellular synthesis of stress-induced proteins, such as heat shock proteins (Hsp). [44] [45] [46] The so-called 'danger theory' states that antigen presenting cells can be activated by endogenous substances released by damaged or stressful tissues 47 and this effect of Hsps has been reported to be mediated by TLR4 either alone or in combination with LPS. 39 We recently demonstrated the release of a variable amount of endogenous Hsp70 by the different peritoneal lesions and eutopic endometria of women with endometriosis and that this locally produced Hsp70 might be responsible for
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TLR4-mediated induction of inflammatory reaction and direct promotion in the growth of endometriosis. 39 Although, polymyxin B, a potent LPS antagonist was able to suppress LPS-mediated growth of endometrial cells derived from women with endometriosis as reported previously. 32, 39 polymyxin B was unable to suppress combined LPS-and Hsp70-mediated growth of endometriosis. In contrast, the growth promoting effect of combined LPS and Hsp70 was significantly suppressed when the biological function of TLR4 was blocked with anti-TLR4 antibody. 48 This indicates that LPS-and Hsp70-mediated inflammatory reaction and growth of endometriosis may be mediated by TLR4 in pelvic environment.
Other potential contribution factors for tissue stress reaction include oxidative stress resulting from excessive iron accumulation in endometriotic fluid, because endometriotic lesions including chocolate cyst and blood-filled opaque red lesions are hemorrhagic during menstruation. 49, 50 In addition to their involvement in atherosclerosis, neurodegeneration, cancer and aging, 51 excessive reactive oxygen species (ROS) production or oxidative stress might be associated with endometriosis. Recently it has been demonstrated that in addition to the effects of endogenous danger signals via TLRs, Review Article by Khan, Page 20 tissue oxidative stress itself may promote NF-kB-mediated or TLR4-mediated growth of endometriosis. 52 In fact, LPS itself has the capacity to produce ROS by macrophages.
These findings are consistent with the understanding that LPS, endogenous danger signals and oxidative stress may promote the onset and progression of endometriosis after activation of TLRs and/or NF-kB signaling. Recently, we reported that macrophage-mediated production of HGF/VEGF/IL-6/TNFα in response to ovarian steroids was further enhanced after treatment with LPS. 55 A synergistic effect was observed between E2 and LPS on the proliferation of eutopic and ectopic endometrial stromal cells when compared with their Review Article by Khan, Page 21 single treatment. This effect of E2+LPS on cell growth was markedly abrogated after pretreatment of cells with anti-TLR4 antibody and ICI, an ER antagonist. 8, 55, 57 Our findings suggest that E2 exhibits pro-inflammatory response and an immuno-endocrine cross-talk between estrogen and endotoxin in pelvic environment may be involved in additive inflammatory response in pelvic environment and growth of endometriosis.
Inflammation, ovarian steroid and TLR4 in endometriosis
Another published report on this issue is in consistent with our findings. 58 
Effect of cytokines/bacterial endotoxin on reproductive outcome
The ultimate fates of women who suffer from endometriosis are impairment in quality of life and reduction in the rate of fertilization, implantation and finally failure to achieve pregnancy. 59, 60 The purpose of current medical and surgical therapy for the women with endometriosis is to remove endometriotic lesions, to relieve periodic or non-periodic pain experience and to establish pregnancy. Several proposed mechanisms of implantation failure in women with endometriosis have been reported elsewhere including progesterone resistance, alteration in PR-A to PR-B ratio. 61 Endometriosis-associated infertility can be explained by one of the several mechanisms as shown in Figure 2 .
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The increased infiltration of macrophages and other immune cells may have two-fold effects on endometrial bed in women with endometriosis. One, direct phagocytosis of implanting embryos; secondly, indirect impairment in the process of implanted blastocyst. These hazardous effects of Mφ can be contributed by producing some biological mediators such as ROS or by inducing humoral immune response. 60, 62, 63 A moderate to severe inflammatory reaction in pelvic environment leads to the formation of tubo-ovarian adhesion or peri-tubal adhesion finally resulting in narrowing or occlusion of the Fallopian tube. 64 On the other hand, bacterial endotoxin (LPS) derived from Gram-negative bacteria may directly cause endometrial or tubal damage. Endotoxin has been found to be deleterious on pre-implantation stage embryos. 65 The presence of endotoxin in IVF culture media results in high rate of polyspermy, decreased embryo cleavage rate and blastocyst formation in human and bovine species. Endotoxins also possess the capacity to induce apoptosis of cells impairing sperm motility and induce spermicidal activity. [62] [63] [64] [65] A recent ART clinical trial has demonstrated that pregnancy rate after IVF-ET was significantly higher in women with an endotoxin level of <200 pg/ml in menstrual fluid, than that in women with an endotoxin level of >200 pg/ml. 66 Review Article by Khan, Page 23 In addition to female, bacterial infections of the genital tract are one of the most serious causes of infertility in male. A recent study detected Gram-negative bacteria factor, LPS and Gram-positive bacteria factor, peptidoglycan in human semen and demonstrated expression of TLR4 and TLR2, peptidoglycan receptor, in human and mouse sperm. 67 They found that addition of endotoxin in the absence of leukocytes directly and significantly reduced the motility and increase the apoptotic rate of both human and mouse sperm and suppressed fertilization by sperm both in vivo and in vitro. 67 These findings further strengthened the detrimental effect of bacterial endotoxin on reproductive outcome.
Many of the biological effects of bacterial endotoxin are mediated by pro-inflammatory cytokines such as IL-1, IL-6, and TNF α . One recent study demonstrated that adding recombinant IL-6 to culture media suppressed the rate of blastocyst formation in mouse embryos and reduced the percentage of motile human spermatozoa. 68 Higher concentrations of TNF α possess apoptosis-and necrosis-inducing activity on a variable type of cells including sperm, ova and endometrial cells. 65, 69 Review Article by Khan, Page 24 Macrophages also produce increased concentrations of ROS (OH - 
Summary and perspective
We now know that innate immunity plays an important role in the initiation of immune response in pelvic environment. A number of widely accepted mechanisms involved in the development or pathogenesis of endometriosis are summarized and is shown in Figure 3 . The production of pro-inflammatory cytokines and growth of endometriosis in pelvic environment can be regulated by innate immune system. We 
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